T h e applicability of magnetic-force microscopy (MFM) 
micromagnetism.
Williams et al. (1992) have reported the application of magnetic-force microscopy (MFM) to the imaging of magnetic domain walls in magnetite. It was concluded from analytical models for the stray-field distribution of various domain-wall types that the observed walls are Bloch walls, with a near-surface region that is magnetically charged.
We also consider MFM to be a powerful tool for the investigation of domain structures. The technique is relatively easy to implement experimentally, requires only moderate sample preparation, is fast, and operates under ambient conditions. The resolution is better than that which can be achieved with standard optical techniques and is typically 40-100 nm. These advantages define the realm where MFM is routinely applied: to characterize the stray magnetic fields of technologically relevant structures such as disk heads (Martin & Wickramasinghe 1987) and recording media (Rugar et al. 1990) . In these specimens the overall domain pattern is known n priori. In addition, the 'natural' distribution of magnetic domains has been imaged and interpreted successfully in some instances (Mamin et al. 1989) in which the magnetization distribution is geometrically simple.
It is more difficult, however, to deduce domain arrangements from an MFM stray-field image in samples with 'complicated' domain patterns, e.g. with several magnetization directions or irregular domain walls. One n is that usually only one stray-field component is imaged with MFM and also that the magnetic force, owing to its long-range nature, averages over fine structural details. Nevertheless, we emphasize that the determination of any domain pattern from an MFM image is simple compared with interpreting an MFM line scan across a domain wall in terms of micromagnetics. In our opinion all approaches, even those on the simplest walls, so far have virtually failed, including that of Williams et al. (1992) .
The purpose of this paper is to comment on this last point. Our intent is to stimulate the application of MFM to relevant problems in rock magnetism where MFM can successfully contribute to our existing knowledge, and to dampen unjustified expectations with respect to the solution of fundamental micromagnetic problems.
As an introduction to and illustration of our main arguments, we have imaged a regular magnetic domain pattern written in a thin film recording medium, CoPtCr, by MFM and also by spin-polarized scanning electron microscopy (spin-SEM or SEMPA). The domain configuration in this in-plane magnetized sample is well known and particularly easy to understand. Even within the domain walls the magnetization is completely in-plane throughout the sample thickness because the film is thin (=25nm). As the domains are written head to head, the walls are charged. Note that in this respect this film is the extreme case of the domain wall of Williams et al. (1992) , as they interpret the walls as charged!
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Figure l(a) shows the domain configuration imaged with spin-SEM, an electron-microscopy technique that allows the magnetization direction at the surface of a specimen to be directly determined without resorting to any stray field at or above the sample surface (Koike, Matsuyama & Hayakawa 1987; Scheinfein et al. 1990a) . A higher resolution line scan across three transitions of these written patterns is given in Fig. l(b) . It shows the expected change in the in-plane magnetization direction at the domain walls. Note that the simultaneously measured out-of-plane magnetization component is vanishing, confirming the absence of a Bloch wall component. Figs l(c)-l(e), on the other hand, give experimental MFM line scans on the same recording medium with three different tips. Advanced fabrication and characterization tools (Griitter et al. 1990a ) have been used to produce tips that consist of a thin magnetic film whose easy axis of magnetization can be arbitrarily chosen. In the line scan of Fig. l(c) , the tip magnetization lies exactly along the tip axis, whereas in Fig. l(d) it is perpendicular to it. If a tip is chosen that is magnetically soft enough for the tip magnetization to flip in the stray field of the domains, the MFM signal is given by a line scan as shown in Fig. l(e) . Note that the MFM response is completely different for these examples. In particular, for commonly used bulk-type tips, a weighted superposition of these images must be expected and has indeed been observed ( 
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where MT[r') is the magnetization of bV', H(r + r') is the stray field from the sample and the tip is characterized by the apex coordinate r and internal coordinate r', as sketched in Fig. 2 (Rugar et al. 1490) .
To interpret MFM measurements it is necessary to simulate the MFM response. Eq. (1) already suggests that this procedure is intricate; different lweis of simplification can be made depending on the quality of the experimental data and on the sophistication and length scale of the information to be extracted (for a review, see Griitter, Mmin & Rugar 1992 ). If we want to exclude overinterpretation or misinterpretation, the justification of the simplifications made needs to be cIosely examined in each specific example. We also have to be aware that too elaborate a model may well contain a sufficiemly high number of fit parameters to give a good correspondence of simulation and experiment, but not necessarily a more rcliablc interpretation.
The simulation of the MFM response is performed in several steps. First, the magnetic interaction has to be separated from other interactions measured. This experimental magnetic-force trace is then compared with a simulated trace calculated by integrating eq. (1) over the tip. For this purpose both the sample stray field and the tip magnetization are input parameters for which suitable values have to be selected. A generally valid inversion of eq.
(1) is not known, thus it is not possible to determine the sample stray field M(r) directly from a measured force trace. An assumed sample stray field is one of the variables of the simulation; the precision to which it can approximate H(r) is thus a function of the quality of the experimental data and of the degree of accuracy with which the tip magnetization is known. It is straightforward to calculate the stray field from a given sample magnetization MS. However, the inversion is not generally possible, as will be described in the following. Technically, the procedure is to select a test magnetization distribution, calculate its stray field, assume a tip magnetization, and integrate eq. (1). This operation is repeated for different test magnetization patterns until agreement with the measured magnetic-force traces is achieved. In the following we comment on the various difficulties encountered in such an analysis.
The first step of a proper MFM data analysis is the separation of the magnetic interaction from all other interactions detected by the force microscope. The most prominent contribution is an electrostatic force that is commonly applied between the tip and sample. In a detailed analysis of the MFM response, the distance dependence and magnitude of this force have to be known to separate it from the much smaller magnetostatic part. In applications of MFM to magnetic recording, the electrostatic force is usually neglected. This is justifiable only because the recording samples are flat, have a constant thickness, and are homogeneous on a scale comparable with or larger than the resolution of MFM. However, care has to be taken when imaging inhomogeneous or insulating samples with varying thickness or fluctuating composition. The electricfield strength between the tip and sample can alter drastically, thus possibly mimicking structures along sample scratches that can be misinterpreted as magnetic-domain walls. We emphasize that this point is particularly relevant for most of the specimens that are of importance to rock magnetism. Experimentally this separation of the electrostatic and magnetic interactions can be carried out by superimposing an AC electrostatic field. The resulting electrostatic image can then be interpreted as a topographic image of the surface acquired simultaneously with the magnetic image ). This separation technique has also been applied to a rock magnetic problem (Haag et al. 1993) . Although it is experimentally more ambitious, we consider it to be superior to the standard DC technique used by Williams et al. (1992) when used in geophysics.
The second step is to calculate magnetic force traces and compare them with the experimentally determined magnetic force. Eq. (1) needs to be solved for different sample stray fields, as described earlier. For an assumed sample magnetization MS, the resulting stray field H can be rigorously calculated according to Brown (1962) or approximated by analytical formulae as was done by Williams et af. (1992) . For fundamental physical reasons this procedure cannot be inverted: the sample magnetization cannot be unequivocally determined from a given stray-field distribution. There are different magnetization patterns that result in the same stray field (Mallinson 1981) . For example, to every given sample magnetization, a magnetization component can be added which obeys V MS = 0 without changing the resulting stray field! Physically, this is because magnetic charge (which is defined as -V -MS) gives rise to the stray fields. Pragmatically, a 'reasonable' sample magnetization is selected (as in Williams et al. 1992) and then the resulting stray field is calculated as an input to eq.
(1). The potential pitfall, especially when attempting to determine an unknown micromagnetic structure, must be remembered, however.
Detailed knowledge of the tip magnetization MT(r') is necessary before it is possible to integrate eq. (1) with the test stray field. Currently, no technique to determine the magnetization distribution in bulk tips with the necessary spatial resolution of 10-100 nm is available. Spin-SEM, which is very surface sensitive, indicates that the magnetization of etched wires lies along the tip axis, thus confirming the Lorentz microscopy measurement of the tip stray field (Rugar et al. 1990) . Such a magnetization direction is also expected from simple shape anisotropy arguments. In addition, however, spin-SEM clearly shows the existence of small closure domains close to the tip apex (Allenspach, unpublished data). These small domains are difficult to detect in stray-field measurements (e.g. with Lorentz microscopy) because of their small magnetic volume. They can nevertheless have a strong influence on the final image contrast (Griitter et al. 1990b) . Owing to this lack of direct information leading to MT(r'), a tip model is assumed, e.g. a truncated pyramid, a cone, or any other mathematically suitable shape (for a list of commonly used models, see Griitter et al. 1992, their Table 5 .1). The model is characterized by a set of free parameters. Tip calibration, i.e. the determination of these free parameters, is usually accomplished by a purely geometric measurement with an electron microscope or by analysing the response of the tip to a known stray field from a calibration sample (Goddenhenrich et al. 1990) . Unfortunately, such calibration samples with the necessary 10-100 nm dimensions are not yet available. Hartmann (1989) analysed the MFM response of a Bloch wall in an iron whisker. He clearly states that even for this simple uncharged wall 'such a model contains sufficient free parameters to roughly characterize an MFM image on a purely magnetostatic level, but does not permit image interpretation on a micromagnetic level'. In other words, it is possible to identify the domain structure of an unknown sample, but not yet feasible to determine the micromagnetics of its domain walls by MFM. Apart from the fundamental limitations discussed here, this is basically connected with the technical problems in calibrating a tip in sufficient detail and resolution to allow a precise determination of stray fields beyond a qualitative level.
Last, but not least, one more point deserves attention to understand the response of MFM to a stray-field distribution. The analysis outlined here tacitly assumes rigid magnetic moments within the tip and sample. This is not so, of course. The tip and sample magnetizations can vary owing to their mutual interaction (Mamin et al. 1989; Scheinfein et al. 1990b ), e.g. resulting from local variations of the finite tip and sample coercivity. To incorporate such an effect, a full micromagnetic simulation is necessary.
In our opinion all these problems are responsible for the fact that in their analysis Williams et al. (1992) cannot even safely exclude a wall model which contains unphysical parameters. We understand neither why the surface Ntel wall depth does not correspond to the Bloch wall width, nor why the Bloch wall width and the width of the terminating NCel wall should differ by more than one order of magnitude. This would mean that the magnetocrystalline or magneto-elastic anisotropy K at the surface drastically deviates from its bulk value, as the domain-wall width is essentially proportional to l / f i . Detailed investigations in iron single crystals (Oepen & Kirschner 1989; Scheinfein et al. 1990b ) have shown, however, that the width of the surface NCel wall differs from that of the Bloch wall by no more than a factor of two to three. We do not expect that in this respect magnetite behaves so radically different from iron.
Despite these complications, when trying to obtain detailed information we wish to stress that much important and relevant information can easily be deduced directly from MFM images, even without a detailed knowledge of the top magnetization or image simulation. This is because domain walls, irrespective of their micromagnetic structure, generally give rise to large stray fields and thus show up prominently on MFM images. The general shape of these walls, their pinning behaviour, the size, shape and number of domains, and relative variations in stray-field intensity are thus easily and reliably extractable quantities. Furthermore, MFM is also compatible with external magnetic fields or temperature variations, which is a vast and so far only marginally explored area that is not easily accessible by other high-resolution magnetic imaging techniques. This is the world where the Bitter decoration method is successfully applied. Magnetic-force microscopy does even better in this area owing to its high resolution capacity-as a technique that is very versatile, but so far only qualitative.
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